In this paper, an effective method to achieve accurate and efficient torque control of an interior permanent magnet synchronous motor (IPMSM) in electric vehicles, based on low-resolution Hall-effect sensors, is proposed. The high-resolution rotor position is estimated by a proportional integral (PI) regulator using the deviation between actual output power and reference output power. This method can compensate for the Hall position sensor mounting error, and estimate rotor position continuously and accurately. The permanent magnetic flux linkage is also estimated based on a current PI controller. Other important parameters, such as the d-axis and q-axis inductances, stator resistance, and energy loss, are measured offline by experiments. The measured parameters are saved as lookup tables which cover the entire current operating range at different current levels. Based on these accurate parameters, a maximum torque per ampere (MTPA) control strategy, combined with the feedforward parameter iteration method, can be achieved for accurate and efficient torque control. The effectiveness of the proposed method is verified by both simulation and experimental results.
Introduction
The interior permanent magnet synchronous motor (IPMSM) has been widely used in electric vehicles for its high efficiency and high power density. Accurate and efficient torque control is essential for automotive drive systems. However, it is difficult to achieve this target because of the varying parameters of the IPMSM [1] .
Although the resolver can obtain high-resolution rotor position of the IPMSM, it is not suitable to be used in vehicles, considering its high cost, weight, and volume. Algorithms based on no position sensors [2] cannot estimate the rotor position accurately in all conditions, in addition to the high-volume computation. In fact, Hall-effect sensors can be used to realize low cost, weight, volume, and high-resolution rotor position. Considering the discrete position signals from Hall-effect sensors, it is quite necessary to conduct research on obtaining continuous rotor position signals.
The most popular method to estimate the rotor position is based on average motor speed [3] . When the motor speed varies frequently, this method may cause a very large error and failure of the control strategy. A vector-tracking observer was proposed to estimate the rotor positon in [4] . This method needs to acquire the stator voltages, thus increasing the cost and complexity of the system. An improved vector-tracking observer was proposed to eliminate the complexity of the system in [5] . A method based on back electromotive force (EMF) was proposed in [6] . Although this θ θ θ ω θ
Similarly, the high-resolution rotor position can be obtained, as shown in Figure 1 . θ θ − 1 0 should be 60 degrees if the Hall sensors are aligned accurately. However, in the IPMSM, there is a certain error in the hall sensor installation. The back EMF can be used to avoid the error and eliminate the third harmonic. However, large estimation errors will occur when this method is used in vehicles where the motor speed changes frequently.
Rotor Position Estimation Based on the Power Closed-Loop Method
For improving the accuracy of estimated rotor position, a method based on the power closedloop is proposed to estimate the rotor position, as shown in Figure 2 . θ 1 − θ 0 should be 60 degrees if the Hall sensors are aligned accurately. However, in the IPMSM, there is a certain error in the hall sensor installation. The back EMF can be used to avoid the error and eliminate the third harmonic. However, large estimation errors will occur when this method is used in vehicles where the motor speed changes frequently.
For improving the accuracy of estimated rotor position, a method based on the power closed-loop is proposed to estimate the rotor position, as shown in Figure 2 . The reference electromagnetic torque * e T can be expressed as follows:
where:
( )
The reference output power can be expressed as follows: 
The output voltage of the d-axis and q-axis can be expressed as follows:
The input power from inverter to motor in P can be expressed as follows:
The actual mechanical output power can be expressed as follows:
Assuming that the estimated rotor position is equal to the actual rotor position, then the actual electromagnetic torque should be equal to the reference electromagnetic torque, and the actual output power should be equal to the reference output power and vice versa. Therefore, the estimated rotor position can be adjusted to realize the equality of the actual output power and the reference output The reference electromagnetic torque T * e can be expressed as follows:
The reference output power can be expressed as follows:
For the current closed-loop control, the stator d-axis and q-axis current i d and i q can be expressed as follows:
The input power from inverter to motor P in can be expressed as follows:
The actual mechanical output power P out can be expressed as follows:
Assuming that the estimated rotor position is equal to the actual rotor position, then the actual electromagnetic torque should be equal to the reference electromagnetic torque, and the actual output power should be equal to the reference output power and vice versa. Therefore, the estimated rotor position can be adjusted to realize the equality of the actual output power and the reference output power. To achieve accurate torque control, a PI estimator with robust control is designed to obtain rotor position in this paper.
As shown in Equation (7), the permanent flux linkage and the difference of d-axis and q-axis inductances are used to calculate the reference electromagnetic torque. These parameters influence the accuracy of rotor position estimation significantly. In this paper, the permanent flux linkage is estimated online and difference of d-axis and q-axis inductances is measured offline by experiments.
Permanent Magnetic Flux Linkage Estimation
To realize accurate and efficient current control, the current PI controller with feedforward control voltage based on space vector pulse width modulation (SVPWM) is shown in Figure 3 [19] .
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To realize accurate and efficient current control, the current PI controller with feedforward control voltage based on space vector pulse width modulation (SVPWM) is shown in Figure 3 [19] . For an IPMSM, it is needed to decouple the d-axis and q-axis voltages and current. The d-axis and q-axis voltages in the rotor rotating coordinate system can be expressed as follows:
The last term of Equation (15) is the back EMF. If the d-axis and q-axis flux linkages are accurate, it can be eliminated by decoupling control. The feedforward control voltages can be expressed as follows: 
In steady circumstance, the actual current follows well to the reference current, and thus the differential term of Equation (15) can be eliminated: For an IPMSM, it is needed to decouple the d-axis and q-axis voltages and current. The d-axis and q-axis voltages in the rotor rotating coordinate system can be expressed as follows:
The last term of Equation (15) is the back EMF. If the d-axis and q-axis flux linkages are accurate, it can be eliminated by decoupling control. The feedforward control voltages can be expressed as follows:
where v d_ f f and v q_ f f are the d-axis and q-axis feedforward control voltages, Assuming v d_ f b and v q_ f b are the outputs of the PI controller, the d-axis and q-axis voltages can be expressed as follows:
In steady circumstance, the actual current follows well to the reference current, and thus the differential term of Equation (15) can be eliminated:
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Furthermore:
As shown in Equation (19), the outputs of the current PI controller contain a voltage drop at stator resistance and an error of estimated flux linkage. If the variation of the stator resistance is negligible or can be compensated, the error of the estimated flux linkage can be obtained from the integration term of the PI controller, that is:
where ∆ϕ d and ∆ϕ q are the errors of d-axis and q-axis flux linkages between actual and estimated
, v d_ f b_i and v q_ f b_i are the integration terms of the PI controller. Then, the estimated permanent magnetic flux linkage can be expressed as follows:
As shown in Equation (21), the accuracy of the estimated permanent magnetic flux linkage is affected by the q-axis voltage (v q ), the d-axis and q-axis inductances (L d , L q ), the stator resistance (R s ), and the d-axis and q-axis current (i d , i q ). v q is equivalent to the reference voltage, which includes the output lag compensation [20] and dead time compensation [21] . In this paper, L d , L q , and R s are measured offline by experiments. The measured parameters are saved as lookup tables which cover the entire current operating range at different current levels. Thus, L d , L q , and R s can be considered to be accurate. In fact, R s is approximately accurate with temperature compensation, especially at a high speed when the back EMF is much greater than the voltage drop at stator resistance. i d , i q can be obtained from current sensors and Hall-effect sensors. Considering the rotor electrical angular speed (ω e ) is in the denominator, the estimation should be avoided at too low speed.
Torque Control Strategy

Feedforward Parameter Iteration Method
A variety of parameters are needed for obtaining the target current. The rotor position and permanent magnetic flux linkage can be estimated, as mentioned above. Other important parameters, such as the d-axis and q-axis inductances, stator resistance, and energy loss, are measured offline by experiments. The measured parameters are saved as lookup tables which cover the entire current operating range at different current levels. The parameters are obtained according to the present input current, and then the target current is calculated according to control strategies. Therefore, the parameters do not match the target current well [22] .
Assuming the responding time from zero to maximum torque T emax is t respond , the largest change in value of the electromagnetic torque in a control period can be expressed as follows:
The largest change in value of the q-axis current in a control period can be expressed as follows: In fact, the torque demand varies frequently for the IPMSM used in vehicles, and the target current is calculated according to the actual torque demand. It is difficult to define an equation to calculate the mismatch between the parameters and current. For a given torque demand, starting with present parameters (the d-axis and q-axis inductances, stator resistance, and energy loss), one set of d-axis and q-axis current is obtained, which is calculated by control strategies (such as MTPA). The obtained current is used for a new set of motor parameter calculation (using parameter lookup tables). Another set of d-axis and q-axis current is calculated with the new parameters. This recursive calculation is carried out until the differences between the new output current and the previous one have reached a defined minimum error [22] . The feedforward parameter iteration method follows five steps:
(1) Obtain the present motor parameters (the d-axis and q-axis inductances, stator resistance, and energy loss) from lookup tables; (2) Calculate one set of d-axis and q-axis current using control strategies; (3) Calculate the motor parameters with the current from step 2 using lookup tables; (4) Calculate another set of d-axis and q-axis current with the new set of motor parameters from step 3 using control strategies. (5) If the current error is within tolerance between the current and the previous step, the iteration is complete. Otherwise, return to step 2.
Maximum Torque Per Ampere Control Strategy
The MTPA control strategy is an efficiency optimization algorithm which only considers the copper loss. The aim of the optimization algorithm is to realize the minimum copper loss for a given torque. Since the copper loss is proportional to the square of stator current, it is essential to find the minimum stator current for a given torque. The MTPA control strategy can be expressed as follows:
For an IPMSM, L d = L q , Equation (26) has no explicit solutions for a given torque. If the control parameter is the q-axis current [23] or the amplitude of stator current [24] , the explicit solution of i d can be expressed by i q as follows:
or the explicit solution of i d can be expressed by i s as follows:
normalizing Equation (25), it can be expressed as follows:
where
Equation (29) shows that the output torque depends on the d-axis and q-axis current. For a given T en , i qn and i dn have no unique solution. Substituting Equation (29) into Equation (26), the MTPA control strategy can be expressed as follows:
For a given IPMSM, R s and i b are certain, and the MTPA control strategy can be expressed as follows:
solving Equation (32):
Although the relationship between the normalized torque and stator current can be obtained, Equation (33) has no explicit solutions either. However, i dn and i qn can be obtained from the lookup tables, as shown in Figure 4 . One of the current can be obtained from the lookup tables. The other current can be obtained from the lookup tables directly or calculated by the first current. The MTPA control strategy only needs two lookup tables, which are independent of the motor parameters, hence it is widely used in the IPMSM for its simplicity and small amount of calculations.
The IPMSM control system with the MTPA control strategy is shown in Figure 5 . 
Simulation and Experimental Results
Simulation Results
MATLAB/SIMULINK models were developed to examine the proposed method. A 75-kW IPMSM for a new energy vehicle application is used in this paper, and its parameters are shown in Table 1 [1]. 
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Experimental Results
The effectiveness of the proposed method was tested experimentally with the IPMSM as Table 1 shows. A dynamometer was used to emulate the load. A digital signal processor (DSP) was used to carry out the real-time algorithm. Six-pack insulated gate bipolar transistors (IGBT) were used as power switches. A LiFePO4 battery pack (288 V/180 Ah) was used as a power source. The experimental bench is shown in Figure 10 . 
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degree and the maximum rotor position error is less than five electrical degrees. However, the maximum rotor position error with the average speed based estimation method is around ten electrical degrees [4] . Furthermore, the output torque of motor is always accurate. Figure 11 shows that the voltage of battery drops dramatically to 250 V under rated conditions, hence, the motor enters the flux-weakening region. Compared with the simulation results, q-axis current decreases, whereas d-axis current increases, and magnetic saturation is not so serious. Thus, the estimated flux linkage in the experiment is slightly greater than the simulation result. Figure 12 shows almost the same results with the simulation except that the flux linkage decreases due to the increment of temperature. Under the maximum torque conditions, the reluctance torque is greater than the other conditions; hence less current is needed to obtain the same output torque. Therefore, the torque control is more efficient. Figure 13 shows the efficiency of the motor drive system, including the motor and inverter. As shown, the maximum efficiency of the motor drive system can reach 0.94 around the rated conditions, and the minimum efficiency of the system is above 0.8. Thus, the efficient control has been realized. 
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In this paper, an effective method to achieve accurate and efficient torque control of an IPMSM in electric vehicles, based on low-resolution Hall-effect sensors, is proposed. Assuming that the daxis and q-axis inductances, stator resistance, and energy loss are known (measured offline), the highresolution rotor position and permanent flux linkage are estimated online based on the IPMSM energy model. Combined with the feedforward parameter iteration method, the MTPA control strategy is achieved based on accurate parameters. The simulation and experimental results show 
In this paper, an effective method to achieve accurate and efficient torque control of an IPMSM in electric vehicles, based on low-resolution Hall-effect sensors, is proposed. Assuming that the daxis and q-axis inductances, stator resistance, and energy loss are known (measured offline), the highresolution rotor position and permanent flux linkage are estimated online based on the IPMSM energy model. Combined with the feedforward parameter iteration method, the MTPA control Figure 12 shows almost the same results with the simulation except that the flux linkage decreases due to the increment of temperature. Under the maximum torque conditions, the reluctance torque is greater than the other conditions; hence less current is needed to obtain the same output torque. Therefore, the torque control is more efficient. Figure 13 shows the efficiency of the motor drive system, including the motor and inverter. As shown, the maximum efficiency of the motor drive system can reach 0.94 around the rated conditions, and the minimum efficiency of the system is above 0.8. Thus, the efficient control has been realized.
In this paper, an effective method to achieve accurate and efficient torque control of an IPMSM in electric vehicles, based on low-resolution Hall-effect sensors, is proposed. Assuming that the d-axis and q-axis inductances, stator resistance, and energy loss are known (measured offline), the high-resolution rotor position and permanent flux linkage are estimated online based on the IPMSM energy model. Combined with the feedforward parameter iteration method, the MTPA control strategy is achieved based on accurate parameters. The simulation and experimental results show that, by using this method, accurate and efficient torque control can be realized.
By using low-resolution Hall-effect sensors instead of resolvers, electric vehicles can reduce cost, weight, and volume. Since the rotor position estimation is based on a power closed-loop, the IPMSM can output accurate torque even if the estimated rotor position has some errors.
Since the flux linkage and power calculations are related to rotor speed, the proposed method may have some drawbacks in the low-speed region. However, this method provides a relatively more effective way to achieve the efficient and accurate control of IPMSM, particularly when the IPMSM works under high-power, high-speed working conditions. Moreover, the method proposed in this paper can also be applied in other types of motors in electric vehicles, such as in-wheel motors, surface PMSM, and PM-assisted synchronous reluctance motors.
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Output energy E loss
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